Abstract Most diabetes is polygenic in etiology, with (type 1 diabetes, T1DM) or without (type 2 diabetes, T2DM) an autoimmune basis. Genetic counseling for diabetes generally focuses on providing empiric risk information based on family history and/or the effects of maternal hyperglycemia on pregnancy outcome. An estimated one to five percent of diabetes is monogenic in nature, e.g., maturity onset diabetes of the young, with molecular testing and etiology-based treatment available. However, recent studies show that most monogenic diabetes is misdiagnosed as T1DM or T2DM. While efforts are underway to increase the rate of diagnosis in the diabetes clinic, genetic counselors and clinical geneticists are in a prime position to identify monogenic cases through targeted questions during a family history combined with working in conjunction with diabetes professionals to diagnose and assure proper treatment and familial risk assessment for individuals with monogenic diabetes.
Introduction
Diabetes mellitus (commonly referred to as ''diabetes'' but distinguished from the far less common condition of diabetes insipidus) is a group of metabolic disorders characterized by elevated blood sugar levels that results from insulin deficiency, insulin resistance (defect in the body's ability to use insulin), or a combination of both. Insulin is secreted from the pancreas and enables cells to use glucose for energy. Diabetes is a major cause of morbidity and mortality, with 8.3 % of the US population (25.8 million people) affected as of 2011 [1] . Chronic hyperglycemia can result in damage to different organ systems including the eyes, heart, kidneys, nerves, and blood vessels. Diabetes is the leading cause of kidney failure, non-traumatic lowerlimb amputations, and new cases of blindness among adults and is the seventh leading cause of death in the US, killing more than 1.4 million people worldwide in 2011 [2] . Diagnosing and treating diabetes effectively is paramount to preventing complications.
The etiology of diabetes is highly heterogeneous. The American Diabetes Association (ADA) has classified diabetes into four categories: type 1 diabetes mellitus (T1DM), caused by autoimmune destruction of the pancreatic b-cells; type 2 diabetes mellitus (T2DM), itself a highly heterogeneous group of disorders involving insulin resistance combined with relative insulin deficiency; gestational diabetes mellitus (GDM); and other specific types, another heterogeneous group which includes, among others, forms of diabetes resulting from the inheritance of a mutation in a single gene (monogenic diabetes) [3 •• ] .
Knowing the etiology is important so that therapy can be tailored, glycemic control obtained, and complications prevented or reduced in severity. Yet there is increasing evidence that subtype misdiagnosis is common, with a recent study published in 2013 showing that 94 % of children and adolescents with the most common forms of monogenic diabetes (maturity onset diabetes of the young, or MODY) were misdiagnosed, mostly as T1DM or T2DM, and 76 % were receiving the wrong treatment [4 •• ] .
Additionally and highly relevant here, since nearly all diabetes has a genetic component ranging from monogenic to polygenic, identifying the specific diabetes subtype allows for more precise risk assessment in family members and allows family members to benefit from a more tailored treatment approach. In this review, we provide a brief overview of the types of diabetes, how they are treated, how they are inherited, and what is currently understood about their genetic etiology and its current implications for use of genetic testing. We then propose a multidisciplinary approach to assuring that individuals with diabetes receive the correct genetic diagnosis and treatment.
Background, Etiology and Practical Genetics Issues by ADA Diabetes Category
T1DM, responsible for about 5-10 % of diabetes cases, results from absolute insulin deficiency, most commonly due to an autoimmune process destroying the pancreatic b-cells. Patients are characteristically young and thin, and many present with severe hyperglycemia in diabetic ketoacidosis. Insulin autoantibodies can be detected in the blood of about 85-90 % of individuals [3 •• ] . More recently, it has become apparent that T1DM can have a later and more insidious onset, sometimes known as latent autoimmune diabetes of adulthood (LADA), which may be incorrectly diagnosed initially as T2DM [5] . T1DM was in the past known as insulin-dependent diabetes mellitus (IDDM) or juvenile diabetes, terms that have fallen out of favor in the quest to categorize diabetes by etiology rather than treatment and in recognition of the ability of T1DM to affect adults. Individuals with T1DM ultimately require insulin for treatment because of loss of b-cells and consequent lack of insulin production.
The largest known genetic contributor to T1DM susceptibility is variation at the human leukocyte antigen (HLA) locus, with some haplotypes having odds ratios (OR) as high as 11 [6] , followed by over 40 other primarily genome-wide association study (GWAS)-derived loci with effect sizes ranging from 1.09 to 2.38 [7] . Discovery of these variants is enhancing the ability to understand the physiology of T1DM. However, attempts to build clinically useful models for predicting T1DM risk from these variants have not been successful, and it has been suggested that this would not change with the elucidation of the entire genetic architecture of T1DM [8] . There are ongoing efforts that utilize pre-symptomatic genotyping at the HLA locus to identify individuals at risk and evaluate environmental predictors [9] , but to date genetic testing is not considered to be a useful clinical tool in T1DM. Thus, in cases of confirmed T1DM, genetic risk counseling appropriately focuses on empiric risk based on family history.
T2DM, responsible for about 90-95 % of diabetes cases, refers to a heterogeneous group of disorders characterized by a combination of insulin resistance (limitations in the ability to utilize insulin effectively) with a relative insulin deficiency. There is a strong complex and polygenic underlying genetic effect on susceptibility, and factors such as overweight/obesity, sedentary lifestyle and/or aging increase insulin resistance and promote the development of T2DM in susceptible individuals. T2DM is arguably a diagnosis of exclusion since all non-pregnancy diabetes not due to autoimmune processes or a specific known etiology falls into this category. T2DM was in the past known as non-insulin-dependent diabetes mellitus (NIDDM) or adult onset diabetes, terms that have fallen out of favor in the quest to categorize diabetes by etiology rather than treatment and in recognition of the increasing number of children diagnosed with T2DM.
T2DM can be treated with oral agents and in some cases diet and exercise alone, but some affected individuals require insulin depending on the degree of insulin resistance and deficiency and disease duration. Metformin is considered first-line therapy and works partly by reducing insulin resistance [10, 11] . T2DM is highly heterogeneous in etiology and finding the most efficacious treatment can be challenging; for example, not all individuals respond to metformin.
As with T1DM, the genetic architecture of T2DM is complex. To date, variants in at least 65 genetic loci have been implicated in T2DM susceptibility, which together explain approximately 10-11 % of the variance [12 •• ] . Although genetic risk profiling for T2DM is offered by some companies, it does not currently have proven clinical utility [13, 14] . Thus, similar to T1DM, genetic counseling in cases of confirmed T2DM currently focuses on family history-based recurrence risk. The ADA recommends that early (before age 45) testing for T2DM [via fasting or random glucose, oral glucose tolerance test or HBA1c (glycosylated hemoglobin)] be considered in individuals who are overweight [body mass index (BMI) C25 kg/m 2 ] and have one or more additional risk factors, one of which is a first-degree relative with diabetes [15] .
''Other specific types of diabetes'' encompasses several etiologies including those caused by genetic defects in the insulin producing b-cells of the pancreas, genetic defects in insulin action, diseases of the exocrine pancreas (i.e., pancreatitis, trauma, etc.), endocrinopathies (i.e., acromegaly, Cushing's syndrome, etc.), syndromes that include diabetes as a component, and drug-, injury-, transplant-, or chemical-induced, or infectious. Most relevant to this review are monogenic and syndromic forms of diabetes, which will be discussed in turn here. Maturity-onset diabetes of the young (MODY) is the most common type of monogenic diabetes and results from one of several single gene defects in b-cell function. It is inherited in an autosomal dominant manner. In the classic criteria, patients typically present with diabetes at a young age (\25 years), are not necessarily obese, continue to make insulin, lack T1DM-related autoantibodies, and have other family members with diabetes [17, 18] . However, these criteria are likely too narrow. MODY can often be mistaken for both T1DM and T2DM because of overlapping characteristic features. To date, 13 different genes have been implicated in causing MODY [19] [20] [21] [22] [23] . Most commonly, MODY results from mutations in transcription factor genes involved in the insulin secretion/b-cell development pathways. Mutations in HNF1A, encoding the transcription hepatic nuclear factor 1a (HNF1a), results in MODY3, the most frequent MODY subtype, responsible for 52 % of MODY cases [24, 25] . Mutations in GCK, encoding the enzyme glucokinase, are implicated in 32 % of MODY cases [26] [27] [28] [29] . About 10 % of MODY cases are due to mutations in HNF4A (MODY1), encoding the transcription factor HNF4a. The other genes with mutations more rarely causing MODY include IPF-1 (MODY4),
, and KCNJ11 (MODY13) [22, 23, 30, 31] . Still, some families with MODY remain genetically unexplained (MODY-X), but with advancements in DNA sequencing techniques, additional genes will continue to be identified [23] .
Patients with transcription factor MODY subtypes develop progressive hyperglycemia, typically in adolescence or early adulthood [32] . They are at risk for diabetesrelated complications if not treated and so require [78, 79] appropriate monitoring including regular eye and foot exams and screening of the urine for microalbuminuria (the earliest detection for kidney disease) [33] . Patients with HNF1A (MODY3) and HNF4A (MODY1) mutations are especially sensitive to low doses of the sulfonylurea class of antidiabetic agents, which should be tried first, although some still may require insulin, especially at later stages [33] [34] [35] . This is in contrast to standard of care for T1DM, where insulin is started immediately upon diagnosis, and T2DM, for which metformin is the first-line treatment. Therefore, distinguishing at least these types of transcription factor diabetes from T1DM and T2DM is paramount. GCK-MODY (MODY2) characteristically presents with stable, mildly elevated blood glucoses that do not progress or cause complications. Therefore, these patients' glucoses can be monitored intermittently but most do not necessitate treatment [36] . Since T1DM can present with mild hyperglycemia if diagnosed through routine screening, identifying a GCK mutation can prevent unnecessary invasive and possibly harmful treatment with insulin. As discussed below, GCK mutations increase the risk for GDM, and there appears to be value for optimal pregnancy management in knowing the maternal and fetal mutation status.
Those with MODY5, due to HNF1B mutations, can have developmental problems of the kidneys (most often cysts) and so require co-management by nephrologists [37] . Because of the coexisting renal problems, MODY5 is often classified instead as a syndrome (renal cysts and diabetes syndrome, or RCAD), and poor kidney function in the presence of good glucose control can be a clue to the presence of an HNF1B mutation [38] .
Neonatal diabetes is a rare (1/100,000 newborns) monogenic diabetes subtype that presents in the first six months of life, and can be transient (TNDM) or permanent (PNDM) [39] . PNDM most often results from activating mutations in the KCNJ11 gene encoding the pore-forming Kir6.2 subunit of the potassium-sensitive ATP (K ATP ) channel (57, 58) , which in some cases also cause developmental delay and seizures. Most patients with neonatal diabetes due to mutations in KCNJ11 and ABCC8, which encodes the sulfonylurea receptor (SUR) subunit of the K ATP channel, can be successfully treated with high doses of the sulfonylurea class of antidiabetic agents. These should be chosen as first-line therapy [40] [41] [42] , in contrast to other cases of neonatal diabetes, which are treated with insulin. Thus, it is essential for clinical care that any infant diagnosed with diabetes be tested for mutations in these genes, since such a diagnosis makes treatment less invasive and more effective.
Abnormalities leading to overexpression of the imprinted genes PLAGL1 and HYMAI on chromosome 6q are the most common cause of TNDM, accounting for about 70 % of cases, and may also result in accompanying macroglossia or umbilical hernia [43] [44] [45] . At onset, TNDM is treated with insulin. Spontaneous remission occurs at a mean age of 4.5 months, at which point therapy can be stopped. Relapses occur in about 50 % of cases during childhood or adolescence, and so these patients and their families need counseling on the symptoms of hyperglycemia and intermittent monitoring of their glucoses after initial remission [43, 45] . On relapse, some require insulin for treatment, whereas others can be managed on pills [39, 41] . Several other genes are implicated in neonatal diabetes including INS, GCK, PDX1, HNF1B, and EIF2AK3.
As noted above, some genetic syndromes include diabetes as a prominent feature or are associated with an increased risk to develop diabetes. Table 2 lists key syndromes with diabetes as a prominent feature.
GDM is hyperglycemia first diagnosed during pregnancy, a time of insulin resistance induced by placental hormones [46] . Women diagnosed with GDM are at a significantly increased risk for developing T2DM later in life [47] . For some women, a diagnosis of GDM may be the first recognition of pre-existing T2DM, which can be asymptomatic. Maternal hyperglycemia in the third trimester is associated with adverse maternal, fetal, and neonatal outcomes including macrosomia and perinatal distress. It is also well-known that pre-existing maternal hyperglycemia increases the risk for certain congenital malformations. Therefore, diagnosis and effective treatment are essential [48] . Treatment of GDM can include lifestyle therapy with diet and exercise, or pharmacological therapy with antidiabetic pills or insulin, depending on the degree of hyperglycemia [49] . In addition, screening for diabetes is recommended 6 to 12 weeks postpartum given the increased risk.
GDM is often viewed not as a specific disease, but as a manifestation of underlying glucose intolerance brought out by the insulin sensitivity-challenging conditions of pregnancy, and this is borne out by the association of T2DM variants with GDM [50] . For example, the TCF7L2 rs7903146 variant conferred an increased risk (1.56-to 2.69-fold for heterozygotes, 2.05-to 3.25-fold for homozygotes compared with non-carriers) [51] [52] [53] . Numerous other T2DM-susceptibility variants have been associated with GDM as well [52, [54] [55] [56] [57] [58] . Similar to T2DM, these common variants do not currently lend themselves to clinically useful genetic testing. Thus, similarly, family history of both GDM and T2DM can be used as a guide to estimate the risk of GDM.
An area that brings relevance of genetic counseling and testing to GDM is the effect of maternal and fetal genotypes on birth weight, as has been observed with the GCK gene, in which mutations cause a monogenic form of diabetes called MODY2. As discussed in the preceding Autosomal recessive [98, 99] section, MODY2 is a mild condition that manifests as elevated fasting glucose beginning at birth, often does not present as overt diabetes, generally does not require treatment outside of diet, and is associated with a low rate of complications. However, women with GCK mutations but without overt diabetes have a high likelihood of developing gestational diabetes, often beginning early in pregnancy [59] . Based on the study of several large pedigrees, maternal GCK mutations not passed to the fetus resulted in large babies (86th percentile on average), as expected in GDM. In contrast, paternally inherited fetal GCK mutations resulted in small babies (24th percentile). GCK mutations passed from mother to fetus resulted in average weight babies (53rd percentile) [60] . These findings can be explained by fetal mutations causing reduced glucose sensing and insulin secretion and consequent growth retardation. Maternal mutations compensate by creating a hyperglycemic environment that stimulates increased fetal insulin secretion [60] [61] [62] . In a case report, aggressive treatment of GDM with insulin throughout two pregnancies in a GCK mutation carrier resulted in the birth of one baby who inherited the mutation and was in the lowest percentile for weight and a second baby who did not inherit the mutation but was of normal weight [63] . These findings suggest that determining the GCK-mutation status of women with GDM and their infants could be useful in deciding how aggressively to treat the maternal hyperglycemia. It is not known how prevalent GCK mutations are in GDM, but studies in various populations have estimated 5 % [64] [65] [66] . One study selecting 15 women on specific criteria (fasting hyperglycemia outside pregnancy, insulin required during but not outside pregnancy, limited 2 h glucose increase, and first-degree family history) found mutations in 80 % [67] . Very recently, a population-based study in Ireland found evidence that combined criteria of a BMI \25 kg/m 2 and fasting glucose C5.5 mmol/l could identify women with GCK mutations with a sensitivity of 68 % and specificity of 98 % [68 • ]. It is not yet known how well these criteria apply to other populations, but the findings reported in the preceding paragraph indicate that knowing the maternal GCK status would be useful during pregnancy. While determining the baby's mutation status would currently require an invasive test such as amniocentesis, it has been suggested that serial fetal abdominal scans be used to monitor growth in women with GCK mutations [63] . Given that currently (based on a survey reported in 2004) fetal growth in GDM is monitored by ultrasound by only 7 % of OB/GYNs [69] , knowledge that the fetus inherited GCK-mutation-induced delayed insulin release could serve as a potential tool for selecting women for more intensive monitoring and potential avoidance of aggressive glucose control during the current and future pregnancies in the presence of a GCK mutation. As the genetic architecture of diabetes continues to be elucidated, other genetic variants could serve as a source of information to guide pregnancy management as well.
Genetic Counseling and Testing in Diabetes
The Clinical Challenge Anecdotal and survey evidence suggests that a personal or family history of diabetes is rarely a presenting indication for genetic counseling, other than for women with diabetes seeking to understand the risks to the pregnancy associated with exposure to maternal hyperglycemia. When diabetes is encountered in a family history taken for other genetic indications, counselors typically ask patients what type of diabetes, and, if not known, age of onset and whether insulin is used. Patients are then advised that there is an increased risk for diabetes in relatives of individuals with diabetes. Empiric risk figures based on the apparent type of diabetes (1 or 2), such as those presented in Harper [70] , are sometimes provided along with an explanation of their limitations.
In the diabetes clinic, both MODY and neonatal diabetes are often misdiagnosed as T1DM and T2DM [4, 71] . When antibody-negative subjects diagnosed with diabetes at less than 20 years old were sequenced for mutations in the HNF1A, HNF4A, and GCK genes, 36 and 51 % were found to be previously misdiagnosed as having T1DM and T2DM, respectively [4 •• ]; 67 % of those diagnosed with diabetes at less than six months old with KCNJ11, ABCC8, and INS gene mutations carried the wrong diagnosis of T1DM [72 •• ] . The molecular diagnosis is often missed because they share similar characteristics with both T1DM and T2DM, and we do not have a validated screening tool to find cases. In addition, healthcare providers are not as well versed on these rarer subtypes as school curricula and medical training tend to focus on the more common T1DM and T2DM. Further compounding the problem is the lack of access to and cost of diagnostic testing.
In sum, current clinical practices do not favor the identification of patients with highly genetic forms of diabetes that may benefit from molecular diagnosis in either the genetics clinic or the diabetes care setting.
Improving the Pickup Rate for Monogenic Diabetes
Properly diagnosing highly genetic forms of diabetes is critical so that patients can potentially go on more optimal therapy (i.e., an oral sulfonylurea agent rather than insulin) for an improved quality of life and often improved glycemic control. Making the proper diagnosis also allows us to predict the clinical course, explain associated clinical features (i.e., renal disease with MODY5), and diagnose family members early to get them on treatment and hopefully prevent complications from developing. Since it appears that highly genetic forms of diabetes are currently unlikely to be identified in either a genetics or diabetes setting, a new model is needed in which each individual with diabetes has the opportunity to be considered for the possibility of diabetes.
Equal Opportunity for All: Screening and Testing for Monogenic Diabetes in the Diabetes Clinic
In the diabetes clinic, we propose a tiered screening approach in which the target population is all individuals with diabetes. We have begun to implement this approach in the University of Maryland Center for Diabetes and Endocrinology Personalized Diabetes Medicine Program (PDMP) on a research basis. Each new and returning patient with diabetes completes a quick survey consisting of seven yes/no questions that identify patients with a high likelihood of monogenic diabetes. Currently the survey is completed on paper, but development of an electronic version that can integrate with the electronic health record is planned. Patients referred by providers or screening positive on the questionnaire with one of the following profiles are selected for further evaluation: diabetes diagnosed \1 year of age, diagnosed with T1DM and having a parent with T1DM, diagnosed with T2DM at\30 years old and not obese at diagnosis, diagnosed with T2DM at \45 years of age and two or more first-or second-degree relatives diagnosed \50 years of age, or presence of diabetes plus an extrapancreatic feature that may be indicative of a syndrome. Further evaluation using a combination of laboratory testing (C-peptide and IA-2 antibodies) and family and medical history elicited by a genetic counselor is used to determine eligibility for testing.
Testing for the most well-known and clinically actionable forms of monogenic diabetes is currently available in several clinical laboratories. However, the cost of standard Sanger sequencing and sometimes lack of insurance coverage for sequencing several genes that may be implicated can discourage testing. Therefore, several groups outside the US [ Besides the screening and testing algorithm and panel, we are developing protocols for incorporating molecular diagnosis into the electronic health record and using it to inform patient care. Thus, as with any screening program, there are three main goals to our PDMP: to provide the entire target population access to personalized diabetes care; to facilitate accurate follow-up diagnostic testing; and to educate and make available appropriate intervention when a diagnosis is made. We are in the process of extending this approach into primary care settings, where many patients with diabetes are seen for most of their care, and collecting outcome data on the PDMP in order to determine efficacy of this approach so that it can be implemented on a more widespread basis and more specific clinical practice recommendations can be developed. While a genetic counselor is part of the clinical team in our current approach, we recognize that this is unlikely to be possible in all specialty and primary care clinics where people with diabetes are diagnosed and treated. Thus, an important component of a more widespread screening and testing program will be the development of guidelines for referring to genetic counselors and clinical geneticists for evaluation and counseling once a diagnosis has been made. For example, in cases of suspected mitochondrial disorder, we recommend that the patient/family be referred to a clinical geneticist for further evaluation and a thorough discussion of maternal inheritance. We believe that most effective will be a team approach, in which practitioners in diabetes care and genetics engage each other in a reciprocal relationship to assure the optimal diagnosis and treatment of these patients.
The Genetic Counseling Session: A Golden Opportunity for Case Identification Given the gross underdiagnosis of monogenic diabetes demonstrated previously, the genetic counseling session can be viewed as an opportunity for genetic counselors and geneticists to utilize their skills in family history collection and interpretation to identify patterns consistent with these less common forms of diabetes. In order to accomplish this, we propose a modified version of our diabetes clinic screening and testing protocol, summarized in Fig. 1 . In this proposed approach, for each individual mentioned as having diabetes, the consultand is asked the individual's age of onset, whether the individual was obese at onset, whether a diagnosis was made of T1DM and/or insulin has been used from onset, and whether there are any extrapancreatic features, such as early onset visual/hearing/cognitive impairment and/or kidney or other birth defects. Any individual with a diagnosis before one year of age, particularly before six months of age, should be considered for testing for neonatal diabetes. Individuals in the pedigree with diabetes plus extrapancreatic features should be assessed for the presence of a syndrome through careful review of available medical records and consultation of the literature, OMIM, and other databases. Table 2 lists some of the syndromes with diabetes as a prominent feature and provides insights as to which extrapancreatic features might be seen in syndromic diabetes. For example, it is important to inquire about hearing loss in individuals with diabetes, as it could be indicative of mitochondrial dysfunction as well as Wolfram and Roger's syndromes. Diagnosis of a syndrome then facilitates genetic counseling regarding risk and testing options for additional family members.
Individuals who have neither neonatal onset nor a syndrome can be evaluated for scenarios that, based on published guidelines or research [15, 76, 77 •• ], are consistent with monogenic diabetes: (1) diagnosis of T1DM in a parent and child, (2) diagnosis of T2DM before age 30 in the absence of obesity, and (3) diagnosis of diabetes before age 45 and two first-degree relatives in the same lineage diagnosed with diabetes before age 50. We have developed this third criterion as a starting point to use family history to increase the pickup rate over more strict age and obesity criteria. For family members meeting these criteria, the genetic team could work with the diabetes team to determine whether the individual was antibody negative and C-peptide positive, in which case MODY testing would be considered. Finally, those not meeting any of the criteria above would be considered to have T1DM or T2DM based on history, and empiric risk counseling could be provided. While, as stated earlier, common genetic variant susceptibility panels have not proven to be a useful approach for modifying risk for T1DM and T2DM, the polygenic burden approach, in which models constructed from several hundred thousand SNPs currently under study may prove useful in the future, particularly in the absence of available or extensive family history information.
Education is key
In order to increase recognition of these rarer subtypes of diabetes, it is important to include information about monogenic diabetes and features that distinguish it from T1DM and T2DM in medical school, genetic counseling, residence, and fellowship curricula. Primary care physicians, endocrinologists, diabetes educators, genetic counselors, and geneticists are especially likely to see these patients in their clinics and need to be ready to recognize them.
Conclusion
The etiology of diabetes is extremely heterogeneous. While most individuals have T1DM or T2DM and complex inheritance, some diabetes results from a mutation in a single gene. Many of the relevant genes have been known for nearly two decades, but these forms of diabetes remain vastly underdiagnosed. Properly diagnosing monogenic diabetes can have a profound impact on health and quality of life. It is hoped that the information provided in these pages will arm both genetics and diabetes professionals with the tools to begin to work cooperatively to identify, diagnose, and provide these individuals with optimal care.
